Several nutritional studies have found a direct effect of several vitamins in chondrogenic and osteogenic development during early life stages of marine fish species. In the present study, the effect of vitamin A (VA) in gilthead sea bream skeletogenesis was evaluated by means of four different dietary regimes (enriched rotifers) containing increasing levels of total VA (75, 109, 188 and 723 ng total VA mg − 1 DW). Dietary treatments were offered to larvae during the rotifer-feeding phase (4-20 days after hatching), while later all groups were fed with Artemia nauplii and weaned onto the same inert diet. Different dietary doses of VA affected gilthead sea bream larval growth, survival, performance (maturation of the digestive system) and quality (incidence of skeletal deformities). Higher levels of dietary VA than those included in the commercial emulsion for rotifer enrichment led to different levels and typologies of skeletal deformities, indicating that gilthead sea bream larvae were very sensitive to small increases in dietary VA. The degree of ossification was affected by the level of VA in enriched rotifers: the higher amount of VA in the diet, the higher number of skeletal pieces ossified (R = 0.585, P = 0.04). Dietary VA affected the normal process of bone formation and skeletogenesis, the skeletal structures mostly affected by high amounts of dietary VA were those from the cranial skeleton (splanchnocranium), vertebral centrums and caudal fin complex. The premaxilla, maxilla and dentary bones were the cranial structures affected by dietary VA levels, resulting in a large incidence of animals with compressed snout. Dietary VA also affected the normal development of the opercular complex, and a dose-response dependant effect was observed in relation to the incidence of specimens with incomplete operculum. Body shape was also affected by the level of dietary VA, increasing the incidence of specimens with lordosis, kyphosis and/or scoliosis with the dose of VA, being the prehaemal and caudal vertebrae the most affected regions of the vertebral column with this kind of abnormalities. The caudal fin complex was the most affected region of the skeleton affected by dietary treatments as seen by the high incidence of skeletal deformities in fish fed different doses of dietary VA. Deformities affected all skeletal elements composing the caudal fin, although the most affected ones were, in order of importance, the epurals, hypurals, parahypural, neural arch and uroneurals. Differences in sensitivity to dietary VA amongst caudal fin skeletal elements might be due to their differential ontogenetic development and differences in the exposure time to VA.
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Introduction

67
Gilthead sea bream is one of the most important marine fish species farmed in the
68
Mediterranean region with a total production of 71,355 t (FAO, 2005) . In this area, a high 
83
which are typical for marine aquaculture, are responsible for a loss of several millions of euros 84 (Subasinghe, 1997) . Thus, reducing the incidence of larval deformities would reduce the 85 economic cost of production, both in the hatcheries and in the out-growing production sectors,
86
and improve the quality of the products. 
115
The objective of the present study was to evaluate the effect on larval performance
116
(growth, survival and maturation of the digestive function) and quality (incidence and typology 
128
Larvae were fed from day 4 post hatch (dph) to 20 dph enriched rotifers (Brachionus
129
plicatilis, lorica length: 178±30 μm length), whose density was progressively increased from 5
130
to 10 rotifers ml -1
. Artemia nauplii (EG, INVE, Belgium) were offered to larvae from 16 to 22 131 dph, in increasing density from 0.5 to 2 nauplii ml -1 , and 2 days enriched-metanauplii from 20 to ). From 36 dph to the end of the experiment (60 dph), larvae
133
were progressively weaned onto dry feed, first with Proton 1/2 and 1/4 (INVE, Belgium) and
134
then with Gemma Micro (size range: 75 to 500 µm; Skretting, Spain).
135
The 
154
The effects of graded levels of VA on gilthead sea bream larval performance and quality
155
was evaluated by quintuplicate (three tanks were used for regular sampling and two for final 156 survival). Larvae were sampled at 18 and 60 dph, coinciding with the end of the rotifer-feeding
157
phase and the end of the weaning period, respectively. For sampling purposes, larvae were
158
sacrificed with an overdose of anaesthetic (Tricaine methanesulfonate, MS-222, Sigma).
160
Biochemical analysis
161
Retinoids on enriching emulsions and live prey were analyzed by HPLC using a modification of 
187
The activity of two intestinal brush border enzymes (alkaline phosphatase and aminopeptidase
188
N) and two pancreatic enzymes (trypsin and amylase) was used to assess the degree of 189 development and maturation of the digestive system of larvae fed graded levels of VA. Enzyme
190
activity was measured at 18 and 60 dph (n = 50 and 10 larvae per tank, respectively).
191
Sampled fish were washed with distilled water to avoid marine salts and stored at -80ºC
192
prior to enzyme activity analysis. The whole 18 dph larvae were homogenized for enzymatic 193 assays, since they were too small to dissect, while older fish were dissected to separate 
213
Skeletal deformities analysis, observations and measurements
214
To identify and quantify the skeletal deformities on larvae from different dietary treatments, 50- 
226
washed with distilled water, followed by a series of baths in 1% KOH to remove the excess of 227 dye in soft tissues, and placed through graded series of glycerine-KOH solutions.
228
After staining, fish were placed on their right side, in order to observe meristic 229 characters and skeletal abnormalities in the cranium, vertebral column and caudal fin complex.
230
Skeletal structures were identified and named according to Power (1998, 1999, 
257
In all statistical analyses, the level of significant difference was set at P < 0.05. All the statistical
258
analyses were conducted using SigmaStat 3.0 (SPSS, Richmond, USA). 
293
Dietary levels of VA significantly affected fish larval survival ( 
300
At the end of the rotifer-feeding period, the different VA levels in enriched rotifers significantly 301 affected the trypsin activity (ANOVA, P < 0.05, Fig. 2a ), while no significant differences were 302 detected in amylase secretion (ANOVA, P > 0.05, Fig. 2b ). At 18 dph, the specific trypsin in 303 larvae fed R450 was 2 times higher than in larvae from the other dietary treatments. At the end 304 of weaning (60 dph), no statistical significant differences in specific trypsin and amylase 305 activities were detected among larvae from different experimental groups (ANOVA, P > 0.05, 306 Fig. 2c, d ).
307
The specific activity of intestinal brush border enzymes was also affected by the dietary 308 content of VA in enriched rotifers, although the trend in the specific activity of both enzymes 309 was different depending on sampling date. At the rotifer-feeding phase, the highest alkaline 310 phosphatase specific activity was measured in larvae fed the highest dose of VA in enriched 311 rotifers (R4,500) (ANOVA, P < 0.05; Fig. 3a) , while specific activity of aminopeptidase N in the 312 above-mentioned group was the lowest amongst all four tested experimental groups (ANOVA, 313 P < 0.05; Fig. 3b ). At 60 dph, the alkaline phosphatase specific activity in fish fed R450 and 314 R900 was 80% higher than those fed higher levels of VA (ANOVA, P < 0.05; Fig. 3c ).
315
Aminopeptidase N specific activities followed the same trend than alkaline phosphatase. The 316 highest activities were recorded in fish fed R450 and R900, which were 4 times higher than 
331
The presence of cranial skeletal deformities in the jaw apparatus was strongly 332 correlated to the level of retinoids in enriched rotifers (R = 0.789, P = 0.002) (Fig. 6a) . The 333 premaxilla, maxilla and dentary bones were the cranial structures more affected by different 334 levels of dietary VA, resulting in large number of specimens with compressed snout
335
(pugheadness, underdevelopment of the maxilla and premaxilla, Fig 5) . The incidence of jaw 336 deformities in larvae fed the highest doses of VA (R2,250 and R4,500) were significantly higher 337 than those observed in juveniles fed lower levels of VA (ANOVA, P < 0.05; Fig. 6a ). No 338 statistical significant differences were detected regarding the incidence of jaw deformities 339 between larvae fed R450 and R900 (ANOVA, P > 0.05). However, fish fed R900 showed a 340 higher incidence of deformities in both jaws in the same specimen, while this type of 341 deformation was not observed in the control group (Fig, 6b) .
342
The incidence of opercular deformities was significantly correlated to the dose of VA in 
352
The number of vertebrae most frequently observed in gilthead sea bream is twenty-four.
353
At the end of the experimental period, statistically significant differences in the mean number of 354 vertebrae were detected between larvae fed R900 and the rest of dietary treatments (ANOVA,
355
P < 0.001; Fig. 7 ). Fish from this experimental group showed a higher frequency of specimens
356
with twenty-five (69.1%) and twenty-six vertebrae (24.2%). Those supranumerary vertebrae
357
were observed in the caudal region, between the urostyle and vertebra number 23, and were
358
significantly correlated to vertebral fusion and compression disorders (R = 0.959, P < 0.0001).
359
The incidence of specimens with lordotic, kyphotic or scoliotic bends in their vertebral 360 column tended to increase with increasing levels of total VA in enriched rotifers, although this 361 trend was not significant (R = 0.564, P = 0.056) due to the large variability of replicates.
362
Similarly, no significant differences could be detected between experimental groups (ANOVA,
363
P > 0.05; Fig. 8a, 9 ).
364
The frequencies of deformities in vertebral centrums were significantly affected by the 365 level of VA in the diet (Fig. 8b) . In all treatments, the compression of vertebral centrums was 366 more frequent than their fusion with the adjacent ones (Fig, 8c, d ). In particular, larvae fed 367 R900 showed the highest incidence of compressed (80%) and fused (40%) vertebral bodies 368 than the rest of the experimental groups (ANOVA, P < 0.05). The incidence of both types of 
376
The incidence of skeletal deformities along the vertebral column in gilthead sea bream 377 juveniles is shown in Figure 10 . Independently of the level of VA in the diet, the caudal region 
382
fed rotifers containing high levels of VA during the rotifer-feeding phase showed a higher 383 incidence of skeletal deformities in these regions (>10%; ANOVA, P < 0.05).
384
The effect of different levels of dietary VA on the skeletogenesis of the caudal fin 385 complex is presented in Figure 11 . Only the 29% of gilthead sea bream juveniles from the 386 control group had at least one skeletal anomaly per fish in the caudal fin complex, while more 387 than 90% of specimens fed higher levels of dietary VA had one or more types of deformities
388
per specimen (Fig. 11a) . The skeletal elements in the caudal fin complex most affected were 
397
treatments fed higher doses VA than in the control group (ANOVA, P < 0.05; Fig. 11c, d ). The 398 increase in VA in the diet increased up to four and eight times the incidence of juveniles with 399 deformed epurals, hypurals, and parahypurals, respectively. The incidence of deformities in the 400 uroneural was lower than in the other caudal fin complex bonny pieces, affecting less than 5%
401
of fish (Fig. 11e) , although no statistically significant differences were detected in the frequency 402 of specimens with deformed uroneural between different treatments due to the large variability 403 observed amongst replicates and experimental groups (ANOVA, P > 0.05).
404
Other minor skeletal deformities were also detected in gilthead sea bream juveniles,
405
such as supranumerary predorsal fin rays (<30%), and dorsal and ventral fin ray fusion (<13%),
406
although no statistical significant differences between experimental groups were detected in 407 the frequency of specimens with such skeletal anomalies due to the large variability observed 408 between dietary treatments and replicates. Due to their minor effect on the external
409
appearance and fish quality, data on these deformities was deliberately not included. 
431
The feeding protocol used in the present study makes difficult to perform accurate 
437
This result indicates that the differences observed in total VA content in the live prey were only due to the levels of retinyl palmitate and retinol incorporated into the experimental emulsions 
449
At the end of the present experiment, , the different levels of dietary VA used during the 
536
However, the aetiology of this type of skeletal deformity remains unclear and further studies 537 have to be conducted to elucidate if the cause is due to environment, to genetics or both.
538
Under the present experimental conditions, the levels of dietary VA affected the normal 
635
between different studies might be due to different levels of retinoic acid to which larvae were 636 exposed, independently to the experimental approach used (balneation or dose-response trial).
637
According to the former authors, retinoic acid would inhibit cartilage differentiation before the 
883
Different indexed letters show significant differences between treatments (ANOVA, P < 0.05). 
